It is shown that the microstructures of concentrated suspensions can be analyzed in a quantitative way from cryo-SEM images of high-pressure frozen samples, both in the electrostatically stabilized and in the flocculated state. Suspensions of spherical silica particles (40 vol%) in an aqueous solution were used. The average particle radius was 525 nm with a polydispersity of below 7%. The suspensions were high-pressure frozen, which resulted in a quenching of the configuration without apparent change in volume or crack formation. After fracturing the samples at liquid nitrogen temperature, the fracture surface was etched by controlled sublimation of the frozen aqueous phase, coated with 8 nm of platinum, and examined by stereo-cryo-SEM. The 3-dimensional positions of all the visible particles were determined from the SEM images. Assuming an isotropic particle configuration in the sample before cracking, it is possible to extract the 3-dimensional pair correlation function from the particle positions on the fracture surface. A comparison to recent results from Brownian Dynamics simulations shows good agreement between our experiments and the simulations. C 2002 Elsevier Science (USA)
I. INTRODUCTION
Concentrated particle suspensions are of major importance in the production of ceramics. Several ceramic processing methods based on the control of such suspensions have been developed in recent years (reviewed in 1). Concentrated suspensions are of importance not only for the processing of high-performance ceramics but also for food, paint, and other industrial products. Obtaining information on their microstructures is interesting from a scientific as well as from a technological point of view. On the one hand, the relations among interparticle forces, developing microstructures, and mechanical properties in concentrated colloidal suspensions are rather unusual and not yet well understood. On the other hand, knowing these mechanisms could help to control the processing steps and to improve the products obtained.
For low solids loading (<10 vol%), experimental techniques such as static light scattering (2, 3) or TEM (4, 5) have been used to characterize the structure of flocs formed during destabilization. The results obtained for these systems are in good agreement with computer simulations and they suggest a fractal description of the obtained structures. However, for aqueous ceramic suspensions with their typical range of particle size (a few hundred nanometers), refractive index difference (n liquid ≈ 1.33, n solid > 1.44), and solids loading (>30 vol%), the standard scattering techniques are not suitable for a quantitative determination of microstructures. Light scattering techniques fail because multiple scattering occurs and consequently no direct information about the structure is obtained. Multiple scattering effects can be avoided to some extent by using the recently developed 3D-cross-correlation technique (6) . Nevertheless, the technique fails for systems which exhibit strong multiple scattering as is the case in our ceramic suspensions.
In the highly multiple scattering regime, however, the recently developed diffusing wave spectroscopy (DWS) (7) can be used to characterize the dynamics of the systems. This technique is an ideal tool for the characterization of concentrated suspensions, giving valuable information on both dynamics of cluster-growth and mechanical properties (8) . In a recent article, we have used DWS to follow the aggregation and gelation of aqueous alumina suspensions. Information on microstructures was estimated from the change of the static transmission during the aggregation process (9) .
Other scattering methods such as SANS or SAXS are usually limited in the Q range to a minimum of around 0.001Å −1 , whereas for our system interesting parts of the structure factor should be found at lower Q values.
In systems with a low refractive index difference between particles and solvent, confocal microscopy can be used to study the microstructure even in concentrated suspensions (10) . However, in aqueous ceramic suspensions this approach is difficult or even impossible to realize without extensive index matching.
Freeze-fracture techniques in combination with TEM (11, 12) or cryo-SEM (12, 13) have been used to study the microstructure of concentrated ceramic suspensions. In these studies, freezing procedures were applied which are likely to produce large ice crystals (14) .
The aim of our work was to develop a method suitable for the characterization and quantification of the undisturbed microstructures in concentrated ceramic suspensions and gels, which are not accessible by standard experimental techniques. By using the high-pressure freezing technique, formation and growth of ice crystals can be adequately reduced (15) . Cryo-SEM in combination with high-pressure freezing thus offers the possibility of directly imaging the undisturbed real-space structure of concentrated suspensions on the micron scale. Structural differences between the systems can be visualized and even a quantitative characterization of the structures is obtained by a combination of image analysis and statistics, as shown in this paper.
We used silica particles of spherical shape and uniform size distribution (diameter: 525 nm, polydispersity below 7%) as a model system. Due to the uniform particle size, the results can be compared to those from numerical simulations where monosized particles are generally used.
To destabilize the suspensions, direct coagulation casting (DCC) was used (16) . The DCC method allows continuous and homogeneous changes of the interparticle forces in the system. This makes the method an ideal tool for the study of sol-gel transitions in colloidal suspensions, since the formation of the gel is not disturbed during the process.
The organization of this article is as follows: The DCC method and sample preparation procedures are described in the first two parts of Section 2. The following parts report on the high-pressure freezing technique, stereo cryo-SEM investigation, as well as on the methods used for the quantitative data analysis. Finally, a short description of the Brownian dynamics simulation technique is given. In Section 3, we present results for stable as well as ionic-strength destabilized suspensions and compare them to results from Brownian Dynamics simulations on simulated colloidal suspensions (recently published by one of us (17, 18) ). A qualitative description of the microstructures (SEM images) as well as a quantitative description, in terms of the radial pair correlation function, is presented.
II. EXPERIMENTAL: MATERIALS AND METHODS

DCC Method: Destabilization by Time-Delayed Chemical Reactions
Direct coagulation casting is a forming method for ceramic green bodies (16) . In DCC, electrostatically stabilized suspensions are destabilized by shifting the pH of the suspensions toward their isoelectric point or by increasing the ionic strength in the system. This is achieved by the use of time-delayed internal chemical reactions, such as enzyme-catalyzed hydrolysis reactions or hydrolysis reactions induced by increased temperature. In this study, we used the hydrolysis of urea catalyzed by the enzyme urease:
[1]
The pH of a suspension is shifted due to the products of this reaction to the buffer pH of 9 in the presence of the enzyme urease. Furthermore, the ionic strength in a suspension can be increased homogeneously and continuously at the buffer pH 9 by the products of Eq. [1] .
Preparation of the Suspensions
We used a commercial silica powder with a low polydispersity (Monosphere M500, Merck, Germany: average diameter 525 nm, polydispersity below 7%). These particles were produced by a modified Stöber process (19), described in the patent of Unger (20) . In our work, we chose a solids loading φ = 40 vol% for both stable and destabilized suspensions. In order to convert from weight fractions to solids loadings, we used the density of the particles as 2.00 g/cm 3 . This value was determined from mercury intrusion porosimetry of the dry powder (where micropores below 10 nm diameter were regarded part of the solid phase), in agreement with the specifications of the manufacturer. Figure 1 shows the zeta-potential of the silica particles, measured at 1 vol% in water, on a DT-1200 Acustosizer (Dispersion Technology, Mount Kisco, NY). At pH 9 the suspension is electrostatically stabilized (zeta-potential of around −70 mV). The suspension can thus be destabilized by increasing the ionic strength at a constant pH of 9 (see Section II, 1).
Stable and destabilized suspensions were prepared as described below. Both samples contained urea, which is needed for the destabilization after the DCC method (16) . Apart from the enzyme content, we thus compared samples of identical composition.
Stable Suspensions
The stable suspensions were prepared by mixing the silica powder with water containing 2.1 mol/L of urea.
FIG. 1.
Zeta-potential curve for untreated silica powder (M500 Monosphere, Merck) measured at 1 vol% in water. At pH 9, the particles are negatively charged, with a zeta-potential ζ ≈ −70 mV.
Deagglomeration was performed with an ultrasonic horn (200 Watt-Ultrasonicator UPS 200s, Dr. Hielscher GmbH, Stuttgart, Germany; 0.7 cm horn, cycle 0.5, amplitude 100%; time, 10 min). After deagglomeration, the pH was around 8. The suspension is thus electrostatically stabilized, with a zeta-potential of ζ ≈ −60 mV (see Fig. 1 ).
Destabilized Suspensions
The suspensions were destabilized by increasing the ionic strength in the aqueous phase at a pH of around 9. First we prepared a stable suspension as described above. After deagglomeration, the suspensions were destabilized by adding urease (69200 units/g, Urease S, Lyo. SQ, Roche Diagnostics GmbH, Mannheim, Germany) dissolved in water. The final solids loading was again 40 vol%, and the urease content was 20 units per gram of silica. The hydrolysis of urea, catalyzed by urease, resulted in a destabilization of the suspension by increasing the ionic strength (see Section II, 1). Samples were examined in the cryo-SEM 3 days after initiation of the destabilization process. It has been shown previously (21) that the gel formation is completed after this time, though aging effects can still induce minor changes in the microstructure.
High-Pressure Freezing
Crystallization of water can be reduced by rapid cooling. In the center of thicker aqueous layers (e.g., 200 µm), sufficient cooling rates cannot be achieved due to the thermal properties of ice and water (22) , but under a pressure of 2100 bar adequate suppression of formation and growth of ice crystals can be achieved (15) .
The samples were high-pressure frozen in 200 µm layers, sandwiched between two aluminum planchettes (23) . A Bal-Tec HPM 010 (Bal-Tec, Balzers, Liechtenstein) as characterized in (24) was used.
Cryosectioning and electron diffraction, the only conclusive techniques to detect the state of the frozen water, cannot be applied to the present systems due to the hardness of the silica spheres. However, as our samples have a low water content (<60 vol%) and a high ionic concentration, we expect that the freezing step does not alter the microstructure of the suspensions.
Stereo Cryo-SEM Investigation
The high-pressure frozen samples were fractured under liquid nitrogen and mounted onto the cryo-holder (Model 613-0500, Gatan Inc., Pleasanton, CA) for the "in-lens" scanning electron microscope (Hitachi S-900). The cryo-holder was then transferred into a modified (25) Bal-Tec MED-010 high-vacuum sputter coater. Controlled freeze-drying of the fractured surface was performed for 30 min at a temperature of −85
• C and at a pressure of p < 10 −6 mbar. The sample was then coated with 8 nm of platinum, removed from the coating unit, and transferred under liquid nitrogen to the SEM. Micrographs were taken at an acceleration voltage of 5 kV. Stereo pairs were acquired under angles of +6
• and −6 • , respectively. The focal length of the probe forming lens was kept constant for both images. Focusing and positioning during tilting were achieved mechanically.
Data Analysis
The positions of all particles in the stereo-image were determined, where the z-components were calculated from the shifts y of the apparent particle positions in the (+6 • ) image compared to the (−6
• ) image using
The set of these particle positions x i (1 ≤ i ≤ N) is the basis for the quantitative analysis discussed below.
Histograms
From each particle position x i the distances d ij to the other particle positions x j (1 ≤ j ≤ N , i = j) were calculated. In order to avoid boundary effects in the statistics, only distances with the position x i of the first particle in a minimum distance b (boundary distance) from the border of the image were recorded (below, we refer to the total number of these starting particles as N starting ). Consequently, no boundary effects are present in the resulting distribution of distances for separations r lower than the boundary distance b. Histogram functions h(r ) of the distribution of particles are normalized by the number of starting particles N starting , ∀r ∈ [r i , r i+1 ], with r i = r 0 + i · r :
where r is the radial resolution.
Radial Pair Correlation Functions
In order to make a quantitative comparison to data from computer simulations, the histograms are converted into radial distribution functions g(r ). For a given radius r , this function gives the ratio of the number of positions found in a shell volume of thickness r and radius r to the corresponding number expected for a totally random distribution of the positions.
For converting the histograms to pair correlation functions, we assume that the 3-dimensional particle positions are located within a layer volume of thickness z, and that within this layer we are able to detect all the particles present in the configuration. For the histograms we count the number of particles contained in a spherical shell volume of radius r and thickness r (according to Fig. 2) . Consequently, the counted particle positions for each starting point are contained only in the volume V intersect , given by the intersection between the spherical shell volume and the layer of thickness z.
FIG. 2.
Cross section (perpendicular to the layer of thickness z) through the center x i of a particle.
If we write the relation between the histogram function h(r ) and the corresponding radial pair correlation function g(r ) as
then the correction function γ (r ) is given by
where φ is the solids loading in the suspension and d 0 is the average diameter of the particles. V intersect is the volume of intersection between the layer of thickness z and the spherical shell from radius (r − r/2) to (r + r/2) (see Fig. 2 ). For separations r with (r > z 1 and r > z 2 ) (see Fig. 2 ), V intersect has a ring-like shape and is given by:
From the number of visible particles N and the area L 2 of an image we can estimate the thickness z of our idealized layer as
where φ is the solids loading of the suspension and d 0 is the average diameter of the particles. The thickness z was derived from Eq. [7] to be around one particle diameter ( z ≈ d 0 ) for all our images (see Table 1 ). As a consequence, we have regarded the cases where r < z 1 and/or r < z 2 to be negligible. We thus used the following expression for the correction function γ (r ),
as derived from Eqs. [5] , [6] , and [7] . The radial pair correlation function g(r ) is then given by
[9]
Brownian Dynamics Simulation Technique
Brownian Dynamics (BD) simulation is a widely used technique to study cooperative many-particle phenomena of colloidal particles, both in the stable and in the coagulated state. Typical examples are the shear thinning of stable suspensions, or the coagulation of diluted and even concentrated systems. As far as the coagulation of nondiluted colloidal suspensions is concerned, the formation of the particle network structure, to which we will refer in the next section of this article, is the focus of intense research (17, (26) (27) (28) (29) . One might be interested in establishing a link between the equations of motion of the colloidal particles (including potential interaction, Brownian and friction forces) on the one hand and the coagulation behavior of a whole suspension on the other hand. Due to the large number of particles involved in the formation of a particle network, this is a rather formidable task. One possible way to circumvent this problem is to solve the evolution equations numerically in terms of BD. In this respect, a comparison of the pair correlation functions determined from experimental data with those from the BD simulations helps to get an understanding of the coagulation in microscopic "mechanistic" terms. In this paper, we compare our results from cryo-SEM experiments to those obtained from BD simulations, recently published by one of us. For a detailed description of these simulations, we refer to (17, 18) . 
Fig. 5a 
III. RESULTS AND DISCUSSION
A typical cryo-SEM image of a high-pressure frozen silica suspension is shown in Fig. 3 . The resolution achieved allows for a reliable determination of the individual particle positions. At high urea concentrations, small filaments are formed between particles.
In the following, microstructures obtained from cryo-SEM of stable as well as of destabilized suspensions are presented. The qualitative (SEM images, Section 1) and the quantitative results (Section 2) are discussed and compared to those obtained from BD simulations. Figure 4a and Fig. 4b show cryo-SEM images of the stable and ionic strength destabilized suspensions, respectively. Qualitative differences in microstructure between the stable and the destabilized case are clearly observed. The stable suspension shows a regular, almost ordered structure with separated particles, whereas the microstructure of the destabilized suspension is rather inhomogeneous with voids between areas of densely packed particles. The length scale of these inhomogeneities is in the order of a few particle diameters.
SEM Images
In comparison, visualizations of the results from Brownian Dynamics simulations are shown in Fig. 4c and Fig. 4d . They are qualitatively in very good agreement with the cryo-SEM images. Similarly, voids in the structure of the destabilized suspension are found, surrounded by a network of densely packed particles.
FIG. 3.
Cryo-SEM image of a high-pressure frozen, stable silica suspension at a solids loading of 40 vol%. The small filaments between particles are attributed to the high urea concentration in the liquid phase. The stable suspension shows the same homogeneous structure as observed in the cryo-SEM images.
The human eye is very powerful in detecting differences and similarities between images. However, we cannot quantify these differences by just looking at the images. A quantification is possible by combining numerical image analysis with statistics, as shown below. Figure 5 shows the histograms of particle distances derived from images of stable and ionic-strength-destabilized suspensions. The radial resolution was chosen as r = 0.1 · d 0 (see Section II, 5), which is in the same order as the estimated error in the determination of particle positions. It does therefore not make sense to use a lower value for the radial resolution r .
Histograms and Radial Pair Correlation Functions
As expected (see Section II, 5), an overall linear behavior was found. The histogram curves in Figs. 5a and 5b were obtained from stereo images with an area of L 2 = (10.8 µm) 2 {L 2 = (21.6 µm) 2 }. On the one hand, images taken at higher resolution (L 2 = (10.8 µm) 2 ) allow for a more accurate determination of particle positions which is manifested in a lower width of peaks in the pair correlation curves. On the other hand, in the images of lower resolution (L 2 = (21.6 µm) 2 ) we get better statistics as
FIG. 5.
Histograms of distances between particles (see Eq. [3] ) for stable (dark curve) and destabilized (light curve) suspensions. The data were taken from stereo images of a square-shaped area (L 2 = (10.8 µm) 2 (a) or L 2 = (21.6 µm) 2 (b). The separation distance r is normalized by the average particle diameter d 0 , which was derived from the same images. Values of the average particle diameter d 0 , the boundary value b and the number of starting particles N starting are listed in Table 1 . The smooth curves are drawn to guide the eye (cubic spline fit to the data).
illustrated by a comparison of the fluctuations in the histogram curves in Fig. 5 . However, the curves obtained from images of different resolution are found to be in good agreement. For further analysis, we will use the images of higher resolution (L 2 = (10.8 µm) 2 ). We obtain radial pair correlation functions from the experimental data by correcting the histogram data by a linear curve (see Section II, 5). Figure 6 shows the experimentally determined pair-correlation functions (solid curves) obtained from the histogram curves in Fig. 5a (using Eq. [9] ) and, as a comparison, those obtained from Brownian Dynamics simulations (dotted curves). The radial resolution was r = 0.1 · d 0 ; the average diameters d 0 and layer thicknesses z are listed in Table 1 .
Comparing the curves from simulations with those from the cryo-SEM experiment, we observe a fair agreement. The position of the peaks from simulated and experimental curves coincide for the stable suspension up to around 3 particle diameters. This agreement supports the validity of the presented cryo-SEM method, as, for the stable system, the interaction potential is held constant for both simulation and experiment. We thus expect the simulation to accurately reproduce the experimental situation. For the destabilized system, in contrast, the interaction potential was continuously changed in the experiment by the increase of ionic strength, whereas in the simulations the potential was kept constant. However, in an early stage of the aggregation process we expect the experimental interaction potential to be similar to that used in the simulations, with a shallow secondary minimum and an energy barrier of a few k B T . In a later stage, at higher ionic strength, the energy barrier vanishes and the interaction potential turns purely attractive.
Curves for the pair correlation functions of the destabilized suspension obtained from the simulations are plotted in (in primary minimum) in the system (π b = 1 corresponds to the case, where each particle has the geometric maximum of 12 attached neighbors). Comparing the curves from experiment and simulation in Fig. 6b , we find the experimentally derived pair correlation function to be close to the two curves observed at different stages (π b = 0.2 and π b = 0.4) of aggregation in the simulation. For separations higher than 2.5 particle diameters the experimental curve first remains constant at g(r ) = 1, in agreement with the simulation curves. Then, the curve drops below the value of 1, which is explained by boundary effects (see Section II, 5), the boundary value for this image was b = 2 · d 0 ). The difference between the two curves from the simulation (π b = 0.2 and π b = 0.4) is in the same order as the error in the experiment. We can therefore not decide which simulated curve is in better agreement with our experiment.
For both the stable and the destabilized case we observe lower and broader peaks in the experimental curves, compared to those from the simulations. This can be attributed to the following three factors: First, the particles used in the experiment are not ideally monodispersed (polydispersity of around 6%), whereas the simulation was performed on a system of equally sized particles. Secondly, some error in the determination of particle positions cannot be avoided in the experiment. We estimate the error to be in the order of 10% of a particle diameter for the 3-dimensional position of a particle (mainly due to the error in the z-dimension, as derived from Eq. [2] ). Thirdly, alterations of the microstructure due to ice recrystallization during freeze drying at −85
• C cannot be excluded. All three factors lead to a broadening and flattening of the peaks in the obtained pair correlation functions. The obtained curves are expected to be closer to a "random" pair correlation curve (g(r ) = 1), as it is observed in our curves. Considering these limitations, the agreement between our experimental curves and those from the simulations is rather good.
IV. CONCLUSIONS
Cryo-SEM techniques are commonly used for the characterization of biological systems. We have applied the high-pressure freezing technique in combination with cryo-SEM to the investigation of microstructures in highly concentrated particle suspensions. The method described in this paper (consisting of a high-pressure freezing procedure, cryo-SEM of fracture surfaces, and a statistical analysis of distances between particles) reveals the real-space structure of highly concentrated suspensions and even allows for a quantitative characterization of their microstructures, which has not been achieved before for concentrated ceramic suspensions. The agreement between our experiments and recent Brownian Dynamics simulations (17) is rather good, considering the limitations and approximations inherent in both techniques. However, further studies are needed to prove the general applicability of the proposed methodologies.
We consider the presented method capable of revealing characteristic differences between microstructures of concentrated colloidal suspensions and gels. This opens up new possibilities for the study of microstructures in these important systems. Little is known for instance about the relation between microstructure and mechanical behavior in highly concentrated suspensions and gels. The presented method allows a description of the microstructure in such systems, which is usually not accessible by other techniques.
Future studies are necessary to elucidate the influences of different pathways of destabilization and of organic additives upon the microstructures of concentrated ceramic suspensions.
